During the win ter of 1963-64 observation s of partialrefi ectioll S at a frequen cy of 2.66 Mcjs w er e made at R esolutc Bay (in varian t magn etic la t itude 84)1.0) n eal' local midnight. Utili zin g t he d iffer en t amplitudes of the ordin ary and extraordinary backsca ttered waves, in formation was obtained abo ut electron densit ies a nd elec tron collision fr equenci es. E lectron d ensit ies range from 10 cm-3 at 80 Ion to 1000 cm-3 at 110 km. Collis ion fr equency values are a factor of 2-4 t imes greater than average d aytime r es ults at lower latit udes. These obser vation s , together wit h some in direct infer ences based on low frequency propagat ion between Thule and Churchill (in varian t magn etic latitude 79 }~0 at p ath m idpo int) are d iscussed and i t is co ncluded t ha t (1) galactic cos mic rays a re r espon s ible fol' electron produ ct ion below 90 km, (2) ioni zation rates in exccss of ga lac t ic cos mic ray production are r eq ui red for heights above 90 km, (3) effective electron loss r ates below 90 km a re markedly more rap id than di ssociative recombin atio n, and (4) t he po la r winte r mesosphere is ho tter t han previolls data sll ggest .
Introduction
The R adio Physics Laboratory has dUl'ing several years been making studies of the high latitude Dregion by the propagation of low-frequency radio waves and the partial reflection of medium frequency pulses fr om ionization irregularities within the r egion. The results so far r eported [Belrose and Bmke, 1964 ;  and B eh'ose a nd H ewitt, 1964J , were obtained by the method of partial reflection, at Ottawa (L =3 .6 or invariant magnetic latitude 58.2°). There have been only a few studies of the lower ionosphere at latitudes above the aur oral zone (L > 10 or invariant magnetic latitude > 71 W) . In one of these [Gregor y, 1962] , partial reflections of MF radio waves were made at Scott Base, Antarctica (79°8 geomagnetic latitude). From an analysis of partial reflection data and Forbush decreases in the flux of galactic cosmic rays, Gregory attempted to show that the residual ionization dUl'ing the polar night on undistmbed days was due to galactic cosmic rays, although his estimated electron densities, according to present estimates of electron loss rates, required ionization rates in excess of cosmic-ray production.
During the winter of 1963-64, observations of partial reflections at a frequency of 2.66 M c/s were made at Resolute Bay, Cornwallis Island, N .W.T. (L~100 or invariant magnetic latit ude 84W). Utilizing the different amplitudes of the ordinary and extraordinary backscattered waves, information is obtained abou t electron densities and electron col-lision frequencies. The experimental technique and method of analysis [Belrose and Bm'ke, 1964J , and the experimental equipment employed in the study [Beh'ose et al. , 1964J have been previously described, and will not be discussed h ere. These observational data differ from those of Gregory, who observed partial reflections with linearly polarized antennas and could therefore only make estimates of the electron densities from the received ech o amplitude vcrs us h eight data. This paper gives the results of an analysis of partial reflection observations made near local midnight dUTing the middle of the polar winter. These data are discussed in th e light of present knowledge of lower ionosphere processes. The paper begins with a description of some studies of very high latitude lowfrequency propagation, since these data reveal som e interesting featmes about changed in the elec tron densities near the base of the ionosphere.
Low-Frequency Propagation Studies
The field strengths of OW transmissions, at frequencies of about 80 k c/s propagated to distances of about 2000 km, have been routinely recorded, since the smnmer of 1960, for a number of circuits extending over a range of lati tudes in Canada. These r ecOl'dings have shown that when the LF tr ansmission path lies entirely within the polar cap, i. e., over transmission paths inside the am oral zone or at geomagnetic latitudes > 70°, the daily variations in field strength are quite different from those for similar transmissions at lower latitudes.
The experimental observations with which we are concerned are the recordings of the USAF 77.15 kc/s transmissions from Thule, which are recorded. at Fort Churchill at a distance of 2210 km. The mIdpoint of this path is at L"-'30 or invarian.t magne~ic latitude of 79.5°. Figure 1 shows typIcal U~dIS turbed diurnal variations of field strength for wmter (January), equinox (March), and summer (~uly), ~t midmonth. Some individual days vary wIdely m detail from these typical variations, but in general the variations for undisturbed days are more regular than those recorded at lower latitudes. The times for solar zenith angles of 102 0, 98 0, 94°, and 86 0, as well as ground sunrise (SR) and sunset (SS) at 90°50', are shown by short vertical bar~. Th~ followin" features of these data are worth dIscussIOn:
(1) The D-region is always sunlit in summer (x<86 0), so that no strong diurnal variation is evident.
( I.~ __ - During solar proton events, the nocturnal signal amplitude on this circuit become~ weaker, and the fading even less pronounced. SIgnal strength reductions have been observed for as long as 15 days after a series of major solar proton events. Nevertheless the sensitivity of the data to solar proton influ~es, and th e quasi-constant nocturnal field strengths, has led [Belrose, 1.963 ] to the sugo'es tion that protons are responsIble for electron production at low heights under both undist.urbed and disturbed conditions. The marked dIUrnal asymmetry suggests that there are importan t differences at hio'h latitudes in electron decay processes compared ~ith middle latitudes, but withou~ the more direct observational data of electron denSIty as deduced by partial reflection over sunrise an? sunset, this feature of the low-frequency propagatIOn data cannot be directly interpreted.
Partial Reflection Experiment

Experimental Observations
The partial reflection da~a made at Otta:va h~ve not so far given informatIOn about the mghttIme lower ionosphere, because of high night~ime noise and station interference levels. The nOIse levels at Resolute Bay are very low, even at night, and partial reflection observations can be made on most days. days were not included in the averfl,ge because of t.he presence of sporadic-E, which sh owed on our recordings as a rapid increase in echo str engths to off-scale values for heights greft ter than 90 to 100 km and as regular E s traces on the routine iOl1ogra ms made by the Departm en t of Tmnsport opemted ionospheric sounder at R esolute Bay. These observations were made n eftI' locu,l midnig ht, during a time of the year w·hen th e lower ionosp her e had not been illuminated by solar ultraviolet radiations for abou t 1 }~ months. The minimum solar zenit.h angle at lo cal midday was not less than 98° for the period of the observation. In the absence of a nocturnal electr on production , t her efor e, the electron densities would h ave decayed to very 101V number densities. Figure 4 sholVs th e avemge am plitude ratio Ax/Ao for the nine undisturbed nights. Th e points plotted are the three poin t running aver age of mean data. A x/Ao first increases with h eight, over a height range 75 to 87 ?~ km. It is this part of the curve which p rovides a measure of electron collision frequen cy, since differen tial absorp tion is n egligible. Above 8 7 }~ km differential ftbsorption begins, and Ax/Ao sharply decreases. It is this part of the curve which gives a measure of electron density . Figure 5 shows values of collision frequ ency deduced from the observational data just discussed, i.e. , for the 2 January 1964, and the 9 average days, compared with dftta measured at lower latitudes, n.t various times and by various methods. The R esolute B ay values for collision frequency are markedly greater than the range of values measured at lower latitudes. The values for 2 J anuary are about 2 times greater, a nd the average values are about 4}~ times greftter , t h an th ose given by the continuous curve, which has b een calculated using laboratory determined rela tions between collision frequency and 
Electron Collision Frequency
FIGU RE 5. Collision frequ ency of monoenergetic electTons with ' height rneasw'ed at R esolute Bay compaTed with vari01is data (see B elrose and H ewitt, 1964) .
particle number density and temperature, and the COSPAR International Reference Atmosphere (CIRA 1961) . The calculated curve is in reasonable agreement with the average results at middle latitudes.
It should be stressed, at this point, that the experimental measurements of partial reflection show a difference between low and high latitudes in the ratios for Ax/Ao in a height range where differential absorption is negligible. The ratio between the reflection coefficients for the two magneto-ionic components, on the assumption that the scatter is from a turbulent region irregular in electron density, is determined by electron collision frequency, but independent of the actual electron density [Belrose and Burke, 1964] . On this assumption the observed ratios are interpreted to mean a difference in collision frequency.
3.3. Electron Density Figure 6 shows the average electron density-height curve deduced from the observational data, compared with calculated electron density-height curves by Webber [1962] , which are discussed in the next section. The measured data, shown in the upper part by the continuous curve, give electron density values deduced from the measured different amplitudes Ax and Ao in the height range where differential absorption is measurable; and the lower broken curve assumes, with reasonable theoretical justification [Belrose and Burke, 1964] , that the electron density, in the height range where differential absorption is negligible, is proportional to the O-mode echo amplitude.
. Discussion
Detailed examination of figures 5 and 6 show that there are marked differences between electron collision frequency and electron density in the polar winter mesosphere from those expected. Let us first discuss the differences in collision frequency. It is already fairly well established that the polar winter mesopause region is warmer than the CIRA reference atmosphere model, by some 40 to 60 OK [Murgatroyd, 1957] , and this warming is variable from day-to-day. There are meteorological phenomena which could account for the amount of expected heating (e.g., chemical heating by recombination of atomic oxygen, Kellogg [1961] , Young and Epstein [1962] , and Maeda [1963] ; or dynamic heating by atmospheric acoustic waves from the polar night jet stream [Maeda, 1964] , and by turbulence or internal gravity waves [Hines, 1963] . On the assumption that the pressures at the 20 km level are not different from the CIRA model, the local gas densities, even with heating, will also not be different in the polar winter mesopause region. The temperature difference alone can account for an increased collision frequency by about a factor of 1.3. The observed larger differences, by a factor of 2 to 4, cannot therefore be explained on the basis of present estimates of mesopheric heating. It seems probable, therefore, that:
(1) The polar winter mesopause region is hotter than previously thought, and or (2) The electron and gas temperatures are not equal.
We have already suggested [Belrose and Hewitt, 1964] that other experimental evidence suggests that the electron and gas temperature in the mesosphere might not be equal (at least during the day). This suggestion is new, and is not yet theoretically justifiable. There is clearly a need for in-situ measurements by rockets of the gas pressures and temperatures in the polar winter mesosphere.
The marked differences between the theoretically computed electron densities, and the measured electron densities, also warrant discussion. The calculated curves, shown in figure 6, have been computed by Webber [1962] , and are for nighttime, at latitudes > 70 0 geomagnetic, for two epochs of the solar cycle. The calculations assume that electron production is by galactic cosmic rays. '1'here are marked differences at both low and high heights in the mesosphere between the calculated and measured electron densities. The absence of measurable electron densities below 75 km might be because of an absence of turbulent scatterers, but the rapid increase above this height suggests that there are indeed few electrons at low heights.
On the assumption that galactic cosmic rays are the sole electron production mechanism for heights below about 90 km, detailed examination of the available data suggests that there is a marked difference between electron loss processes at 90 km and 80 km and that this difference may be attributed to the formation of negative ions at the lower height. The measured electron density at 90 km, taken together with Webber's curve for the rates of ion production at geomagnetic latitudes > 70 0 and the minimum epoch of the solar cycle, yields an "effectiye" recombination loss rate of about 1.2 X 10-7 cm 3 sec-I. This may be compared with a value of 1 X 10-7 cm 3 sec-I between 88 and 95 km deduced from experiments carried on a rocket at Fort Churchill in 1963. Adey et al. [1964] measUTed, during an auroral absorp tion event, the ambient electron density at the rocket. McDiarmid and Budzinski [1964] measured electron flux as a function of altitude at certt\in energies above 10 4 eV, from which they could compute the ionization production rate. Using the measured free electron densities, and the computed ionization production, the "effective" recombination loss rate was computed. The ttpparent agreement between the two sets of different data give support to the suggestion of a cosmic ray production below 90 km, and, further suggest that at 90 km there is negligible loss of electrons to form negative ions, i.e., the electron removal process is one of dissociative recombination, which is cUTrently thought to have a rate coefficient in the D-region of about 2 X lO-7 cm 3 sec-I [Reid, 1964] .
Similar computations for a height of 80 km yield a loss rate of about 6 X 10-5 cm 3 sec-I, which may be compared with the l-ocket results (extrapolated below 83 km) of about 10-4 cm 3 sec-l. The Resolute data and the Churchill rocket data agree within a factor of two, and both are considerably larger than the "minimum" nighttime loss rate of about 10-6 cm 3 sec-1 at 80 km obtained by using a "maximum" collisional detachment rate lOrain, 1961] or the value of about 1.6 X 10-6 cm 3 sec-I deduced by Webber 11962J.
. The calculated electron densities at low heights in the mesosphere depend very heavily on the collisional detachment coefficient for O2-, The value used by Webber of 2 X lO-17 cm 3 sec-I, which is something like the Bailey and Branscomb [1960] value deduced from polar cap absorption, is 500 times larger than the Phelps and P:1Ck [1961] laboratory measurements which gave 6 X 10-20 cm 3 sec-J for O2-at 230 Ole Using this latter value would give much lower electron densities [Crain , 1961; Arnold, 1964J . Crain has emphasized that for negligible detachment "effective electron loss rate" has no meaning. The values given for 80 km height in the preceding paragraph are not therefore strictly correct.
The apparent agreem.ent between the rocket data and the Resolute data, which are for quite different ionization processes and ionization rates are taken to mean (1 ) the undisturbed nighttime electron densities below 90 km can reasonably be accounted for by ionization by galactic cosmic rays, and (2) there is a rapid change in the way electrons are lost at 80 km compared with 90-km heights, and this difference might be associated with a large change in the effective role of negative ions at the two heights.
The height range 90 to 100 km poses other problems. Some additional source of ionization is required, which might be electron fluxes in the 10 4 -10 5 e V energy range. The electron fluxes required are very small, some 10 cm-2 sec-I sterad-I [Gregory, 1962] , which are well below the threshold of existing rocket and satellite detectors. These fluxes must be arriving quite uniformly with time; recall the quasi-constant nocturnal field strength of LF propagation.
It is hoped that observations over sunrise and sunset, which have been made at Resolute Bay during March 1964, and which are currently being analyzed, will provide results pertaining to the above discussion .
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